Third-generation infrared (IR) 
Introduction
Multicolour detector capabilities are highly desirable for advanced infrared (IR) systems with better target discrimination and identification. Systems that gather data in separate IR spectral bands can discriminate both absolute temperature and unique signatures of objects in the scene. By providing this new dimension of contrast, multiband detection also offers advanced colour processing algorithms to further improve sensitivity above that of single-colour devices. This is extremely important for identifying temperature differences between targets and and decoys. Multispectral IR focal plane arrays (FPAs) are highly beneficial for a variety of applications such as missile warning and guidance, precision strike, overhead surveillance, target detection, recognition, acquisition and tracking, thermal imaging, navigational aids and night vision, etc. [1, 2] . They can also play many important roles in Earth and planetary remote sensing, astronomy, etc. [3] .
Surveillance, target detection, and target tracking can be done using single-colour FPAs if the targets are easy to identify. However, when the target and/or background are uncertain, or may change during engagement, single-colour design involves compromises that can degrade overall capability. It is well established that for a reduction of clutter and enhancement of desired features/contrast, one will require the use of multispectral focal plane arrays. In such cases, multicolour detection can greatly improve overall performance.
Currently, multispectral systems rely on cumbersome imaging techniques that either disperse the optical signal across multiple IR FPAs or use a filter wheel to spectrally discriminate the image focused on a single FPA. These systems include beamsplitters, lenses, and bandpass filters in the optical path to focus the images onto separate FPAs responding to different IR bands. Also, complex alignment is required to map the multispectral image pixel for pixel. Consequently, these approaches are expensive in their size, complexity, and cooling requirements.
In the future, multispectral systems will include very large sensors feeding an enormous amount of data to the digital mission processing subsystem. FPAs with the number of pixel above million are now available. As these imaging arrays grow in detector number for higher resolution, so will the computing requirements for the embedded digital image processing system. One approach to solve this processing bottleneck problem could be to incorporate a certain amount of pixel-level processing with the detector pixel, similar to the technique implemented in biological sensor information processing systems. By now, several scientific groups in the World have turned to the biological retina for answers as to how to improve man made sensors [4, 5] .
In this paper, we will review the state-of-the-art of two new multicolour detector technologies, type II InAs/ GaInSb strain layer superlattices (SLSs) and quantum dot IR photodetectors (QDIPs). At the beginning we outline the historical evolution of IR detector technology showing why certain device designs and architecture have emerged as successful in development of multicolour detectors. Next, discussions are focused on recently developed new material systems for multicolour detection. Discussions is focused on most recently on-going detector technology efforts in fabrication both photodetectors and focal plane arrays (FPAs).
Short infrared detector history
Looking back over the past 1000 years we notice that infrared (IR) radiation itself was unknown until 208 years ago when Herschel's experiment with thermometer was first reported. He built a crude monochromator that used a thermometer as a thermal detector so that he could measure the distribution of energy in sunlight. The early history of IR was reviewed about 40 years ago in two well-known monographs [6, 7] and Barr's paper [8] .
At the beginning, the development of IR detectors was connected with thermal detectors. In 1821, Seebeck discovered the thermoelectric effect and soon thereafter demonstrated the first thermocouple, but several years later, in 1829, Nobili constructed the first thermopile by connecting a number of thermocouples in series. Langley's bolometer appeared in 1880. Langley used two thin ribbons of platinum foil, connected so as to form two arms of a Wheatstone bridge. Langley continued to develop his bolometer for the next 20 years (400 times more sensitive than his first efforts). His latest bolometer could detect the heat from a cow at a distance of quarter of mile.
The photon detectors were developed in XX century. The first IR photoconductor was developed by Case in 1917 [9] . In 1933, Kutzscher at the University of Berlin, discovered that lead sulphide (from natural galena found in Sardinia) was photoconductive and had response to about 3 µm [10] .
The IR detector technology development was and continues to be primarily for military applications. Many of these advances arose to IR astronomy from US Department of Defence research. In the mid-1960's, the first IR survey of the sky was made at the Mount Wilson Observatory using liquid nitrogen cooled PbS photoconductors, which were most sensitive at 2.2 microns. The survey covered approximately 75 percent of the sky and found about 20,000 infrared sources [11] . Many of these sources were stars, which have never been seen before in visible light.
Hitherto, many materials have been investigated in the IR field. Figure 1 gives approximate dates of significant development efforts for the materials mentioned. The years during World War II saw the origins of modern IR detector technology. Photon IR technology combined with semicon-ductor material science, photolithography technology developed for integrated circuits, and the impetus of Cold War military preparedness have propelled extraordinary advances in IR capabilities in just a fraction of the last century [12] .
.irst-and second-generation infrared systems
For principal military and civilian IR applications, two families of multielement detectors can be considered; one used for scanning systems and the other used for staring systems (see upper part of Fig. 1 ). The scanning system, which does not include multiplexing functions in the focal plane, belongs to the first generation systems. A typical example of this kind of detector is a linear photoconductive array in which an electrical contact for each element of a multielement array is brought off the cryogenically cooled focal plane to the outside, where there is one electronic channel at ambient temperature for each detector element. The U.S. common-module HgCdTe arrays employ 60, 120, or 180 photoconductive elements, depending on the application. HgCdTe photoconductors entered production in the late 1970s following the establishment of reproducible bulk growth techniques and anodic oxide surface passivation. Although first-generation systems are now being supplanted by second-generation photovoltaic detectors, the production of these devices will continue for many years to come. It should be noted that many of photovoltaic detectors are still scanning formats.
The second generation systems (full-framing systems) have typically three orders of magnitude more elements (> 10 6 ) on the focal plane than first generation systems and the detector elements are configured in two-dimensional (2-D) arrays. These staring arrays are scanned electronically by circuits integrated with the arrays. These devices are 2-D arrays of photodiodes connected with indium bumps to a readout integrated circuit (ROIC) chip as a hybrid structure, often called a sensor chip assembly (SCA) (see Fig. 2 ). The ROICs include, e.g., pixel deselecting, antiblooming on each pixel, subframe imaging, output preamplifiers, and some other functions. The detector material and multiplexer are optimized independently. Other advantages of hybrid FPAs are near-100% fill factors and increased signal-processing area on the multiplexer chip. Photodiodes with their very low power dissipation, inherently high impedance, negligible 1/f noise, and easy multiplexing on focal plane silicon chip, can be assembled in 2-D arrays containing a very large number of elements, limited only by existing technologies. They can be reverse-biased for even higher impedance, and can therefore match electrically with compact low-noise silicon readout preamplifier circuits. The response of photodiodes remains linear to significantly higher photon flux levels than that of photoconductors (because of higher doping levels in the photodiode absorber layer and because the photogenerated carriers are collected rapidly by the junction). Development of hybrid technology began in the late 70's last century [13] and took the next decade to reach volume production. In the early 1990's, fully 2-D arrays provided a means for staring sensor systems to begin production. In hybrid architecture, indium bump bonding of readout electronics provides for multiplexing the signals from thousands or millions of pixels onto a few output lines, greatly simplifying the interface between the vacuum-enclosed cryogenic sensor and the system electronics.
Hybrid FPA detectors and multiplexers are also fabricated using loophole interconnection [14] . In this case, the detector and the multiplexer chips are glued together to form a single chip before detector fabrication. The photovoltaic detector is formed by ion implantation, and loopholes are drilled by ion milling. The loophole interconnection technology offers more stable mechanical and thermal features than flip-chip hybrid architecture.
The detector array usually illuminated from the backside (with photons passing through the transparent detector array substrate). In HgCdTe hybrid FPAs, photovoltaic detectors are usually formed on thin HgCdTe epitaxial layers on transparent CdZnTe substrates. For HgCdTe flip-chip hybrid technology, the maximum chip size is on the order of 20 mm square. To overcome this problem, PACE (producible alternative to CdTe for epitaxy) technology is being developed with sapphire or silicon as the substrate of HgCdTe detectors. When using opaque materials, substrates must be thinned to below 10 µm to obtain sufficient quantum efficiencies and reduce crosstalk.
Intermediary systems in use are also fabricated with multiplexed scanned photodetector linear arrays and with, as a rule, time delay and integration (TDI) functions. Typical examples of these systems are HgCdTe multilinear 288´4 arrays, fabricated by Sofradir for both 3-to 5-µm and 8-to 10.5-µm bands with signal processing in the focal plane.
CMOS multiplexers are the best choice to perform the integration and signal processing for 2-D arrays. The advantages of CMOS are that the existing foundries, which fabricate specific integrated circuits, can be readily used by adapting their design rules. Design rules of 0.07 µm are in production with pre-production runs of 0.045 µm design rules. As a result of such fine design rules, more functionality has been put into the unit cells of IR and visible multiplexers and smaller unit cells, leading to large array sizes. Figure 3 shows the timelines for minimum circuit features and the resulting CCD, IR FPA and CMOS visible imager sizes with respect to imaging pixels [15, 16] the horizontal axis is also a scale depicting the general availability of various MOS and CMOS processes. The ongoing migration to even finer lithography will thus enable the rapid development of CMOS-based imagers having even higher resolution, better image quality, higher levels of integration and lower overall imaging system cost than CCD-based solutions. At present, CMOS with minimum features of £ 0.5 µm, makes possible also monolithic visible CMOS imagers because the denser photolithography allows for low-noise signal extraction and high performance detection with the optical fill factor within each pixel. The silicon wafer production infrastructure which has put personal computers into many homes allows now CMOS-based imaging in consumer products such as video and digital still cameras. Large IR detector arrays are now available that meet the demanding requirements of the astronomy and civil space applications. Infrared radiation, having longer wavelengths and lower energy than visible light, does not have enough energy to interact with the photographic plates which are used in visible light astronomy. Astronomers in particular have eagerly waited for the day when electronic arrays could match the size of photographic film. Development of large format, high sensitivity, mosaic IR sensors for ground-based astronomy is the goal of many observatories around the world (large arrays dramatically multiply the data output of a telescope system). This is somewhat surprising given the comparative budgets of the defence market and the astronomical community.
For the last 25 years array size has been increasing at an exponential rate, following a Moore's Law grow path (see insert of Fig. 3) , with the number of pixels doubling every 19 months. The graph shows the low of the number of pixels per SCA as a function of the year first used on astronomy for MWIR SCAs. Arrays exceed 4K´4K format -16 million pixels -last year, about a year later than the Moore's Law prediction.
It should be noted that the dramatic increase in the number of pixels is observed in short-and medium-wavelength applications where most or all of the time can be used for signal integration. In the LWIR spectral region, the photon flux from earth scenes fills the unit cell charge storage capacitor in just a fraction of the available time (especially in the case of HgCdTe photodiodes), limiting the full-signal averaging advantage of staring technology. Even so, the improvement over LWIR scanned sensors is significant.
The trend of increasing pixel's number is likely to continue in the area of large format arrays. This increasing will be continued using close-butted mosaic of several SCAs. Raytheon manufactured a 4´4 mosaic of 2K´2K HgCdTe SCAs and assisted in assembling into the final focal-plane configuration to survey the entire sky in the Southern Hemisphere at four IR wavelengths. With 67 million pixels, this is currently the world's largest IR focal plane. Although there are currently limitations to reducing the size of the gaps between active detectors on adjacent SCAs, many of these can be overcome. It is predicted that focal plane of 100 megapixels and larger will be possible, constrained only by budgets, but not technology [17] .
Third generation infrared systems
In the last decade of 20 th century (see Fig. 1 ), third generation IR detectors emerged from tremendous impetus in the detector developments. The definition of third generation IR systems is not particularly well established. In the common understanding, third generation IR systems provide enhanced capabilities like larger number of pixels, higher frame rates, better thermal resolution as well as multicolour functionality and other on-chip functions. According to Reago et al. [18] , the third generation is defined in order to maintain the current advantage enjoyed by U.S. and allied armed forces. This class of devices includes both cooled and uncooled FPAs [1, 18] : For FPAs the relevant figure of merit is the noise equivalent temperature difference (NEDT), the temperature change of a scene required to produce a signal equal to the rms noise. It can be shown that [23] ( )
where t is the optics transmission spectrum and C is the thermal contrast. N w is the number of photogenerated carriers integrated for one integration time t int , and . is the photon flux density incident on detector area A d
It results from the above formulas that the charge handling capacity of the readout, the integration time linked to the frame time, and dark current of the sensitive material becomes the major issues of IR FPAs. The NEDT is inversely proportional to the square root of the integrated charge and therefore the greater the charge, the higher the performance.
The very short integration time of LWIR HgCdTe devices of typically below 300 µs is very useful to freeze a scene with rapidly moving objects. QWIP devices achieve, due to excellent homogeneity and low photoelectrical gain, an even better NEDT, however, the integration time must be 10 to 100 times longer for that, and typically it is 5-20 ms [24] . Decision of the best technology is therefore driven by the specific needs of a system.
New material systems for third generation infrared photodetectors
It is well known that, when the detectivity is approaching a value above 10 10 cmHz 1/2 /W, the FPA performance is uniformity limited prior to correction and thus essentially independent of the detectivity (see Fig. 4 ). An improvement in nonuniformity from 0.1% to 0.01% after correction could lower the NEDT from 63 to 6.3 mK.
The nonuniformity value is usually calculated using the standard deviation over mean, counting the number of operable pixels in an array. For a system operating in the LWIR band, the scene contrast is about 2%/K of change in scene temperature. Thus, to obtain a pixel to pixel variation in apparent temperature to less than, e.g. 20 mK, the nonuniformity in response must be less than 0.04%. This is nearly impossible to obtain it in the uncorrected response of the FPA so; a two-point correction is typically used.
FPA uniformity influences an IR system complexity. The uniformity is important for accurate temperature measurements, background subtraction, and threshold testing. Nonuniformities require elaboration of compensation algorithms to correct the image and by consuming a number of analogue-to-digital bits they also reduce the system dynamic range. Table 1 shows uncertainty in cutoff wavelength of Hg 1-x Cd x Te for x variations of 0.1%. For short wavelength IR (» 3 µm) and MWIR (» 5 µm) materials, the variation in cut-off wavelength is not large. However, the nonuniformity is a serious problem in the case of LWIR HgCdTe detectors. The variation of x across the Hg 1-x Cd x Te wafer causes much larger spectral nonuniformity, e.g. at 77 K, a variation of Dx = 0.1% gives a Dl c = 0.032 ìm at l c = 5 ìm, but Dl c = 0.53 ìm at 20 ìm, which cannot be fully corrected by the two or three point corrections [2] . Therefore required composition control is much more stringent for LWIR than for MWIR. For applications that require operation in the LWIR band as well as two-colour LWIR/VLWIR bands most probably HgCdTe will not be the optimal solution.
Alternative candidate for third generation IR detectors are Sb-based III-V material systems. These materials are mechanically robust and have fairly weak dependence of band gap on composition (see Fig. 5 ). Type II InAs/GaInSb superlattices offer the capacity to tune the cutoff wavelength between 3 and 30 µm by varying the individual layer thickness. Opposite to HgCdTe, when moving towards longer wavelengths, the bandgap uniformity would improve since thicker InAs layers have to used for l c > 12 µm. Then the superlattice bandgap would make less affected by the ±1 monolayer. The direct result of this advantage is more uniform imaging (lower NEDT) and lower unit cost. 
New material systems
In the wavelength regions of interest such as SWIR, MWIR and LWIR two detector technologies that are developing multicolour capability are well established; HgCdTe photodiodes and quantum well infrared photodetectors (QWIPs). Both HgCdTe photodiodes [25] [26] [27] [28] [29] [30] and QWIPs [31] [32] [33] [34] [35] [36] [37] offer the multicolour capability in the SWIR, MWIR and LWIR range. The performance figures of merit of state-of-the-art QWIP and HgCdTe FPAs are similar because the main limitations come from the readout circuits. A more detailed comparison of both technologies has been given by Tidrow at el. [2] and Rogalski [33, 38] .
Recently, type II InAs/GaInSb superlattices [20, 21, [39] [40] [41] and QDIPs [42] [43] [44] [45] [46] [47] have emerged as next two candidates for third generation infrared detectors. Table 2 compares the essential properties of type-II material system with well established competitors -HgCdTe photodiodes and QWIPs. Whether the low dimensional solid IR photodetectors can outperform the "bulk" narrow gap HgCdTe detectors is one of the most important questions for the future of IR photodetectors. The subsections below describe issues associated with the development and exploitation of new materials used in fabrication of multicolour infrared detectors.
InAs/GaInSb) type II strained layer superlattice photodiodes
InAs/Ga 1-x In x Sb (InAs/GaInSb) strained layer superlattices (SLSs) can be considered as an alternative to HgCdTe and GaAs/AlGaAs IR material systems as a candidate for third generation IR detectors. The low quantum efficiency of QWIP's is largely due to fact that the optical transition is forbidden for normal incidence of light. Straylight generated by reflecting gratings is required to achieve reasonable quantum efficiency. In the case of InAs/GaInSb SLS structures the absorption is strong for normal incidence of light. Consequently, the SLS structures provide high responsivity, as already reached with HgCdTe, without any need for gratings. Further advantages are a photovoltaic operation mode, operation at elevated temperatures and well established III-V process technology. InAs/GaInSb material system is however in a very early stage of development. Problems exist in material growth, processing, substrate preparation, and device passivation [48] . Optimization of SL growth is a trade-off between interfaces roughness, with smoother interfaces at higher temperature, and residual background carrier concentrations, which are minimized on the low end of this range. The thin nature of InAs and GaInSb layers (< 8 nm) necessitate low growth rates for control of each layer thickness to within 1 (or 1/2) monolayer (ML). Typical growth rates are less than 1 ML/s for each layer.
Material properties
The type-II superlattice has staggered band alignment such that the conduction band of the InAs layer is lower than the valence band of InGaSb layer, as shown in Fig. 6 [49] . This creates a situation in which the energy band gap of the superlattice can be adjusted to form either a semimetal (for wide InAs and GaInSb layers) or a narrow band gap (for narrow layers) semiconductor material. In the SL, the electrons are mainly located in the InAs layers, whereas holes are confined to the GaInSb layers. This suppresses Auger recombination mechanisms and thereby enhances carrier lifetime. Optical transitions occur spatially indirectly and, thus, the optical matrix element for such transitions is relatively small. The band gap of the SL is determined by the energy difference between the electron miniband E 1 and the first heavy hole state HH 1 at the Brillouin zone centre and can be varied continuously in a range between 0 and about 250 meV. An example of the wide tunability of the SL is shown in Fig. 6 It has been suggested that InAs/Ga 1-x In x Sb SLSs material system can have some advantages over bulk HgCdTe, including lower leakage currents and greater uniformity [50, 51] . Electronic properties of SLSs may be superior to those of the HgCdTe alloy [51] . The effective masses are not directly dependent on the band gap energy, as it is the case in a bulk semiconductor. The electron effective mass of InAs/GaInSb SLS is larger (m * /m o » 0.02-0.03, compared to m * /m o = 0.009 in HgCdTe alloy with the same band gap E g » 0.1 eV). Thus, diode tunnelling currents in the SL can be reduced compared to the HgCdTe alloy [52] . Although in-plane mobilities drop precipitously for thin wells, electron mobilities approaching 10 4 cm 2 /Vs have been observed in InAs/GaInSb superlattices with the layers less than 40 Å thick. While mobilities in these SLs are found to be limited by the same interface roughness scattering mechanism, detailed band structure calculations reveal a much weaker dependence on layer thickness, in reasonable agreement with experiment [53] .
(b).

New material systems for third generation infrared photodetectors
A consequence of the type II band alignment of InAs/ GaInSb material system is spatial separation of electrons and holes. This is particularly disadvantageous for optical absorption, where a significant overlap of electron and hole wave function is needed. However, a reduction in the electronic confinement can be achieved by growing thinner GaInSb barriers or by introducing more indium into the GaInSb layers leading to optical absorption coefficient comparable to that of HgCdTe.
Theoretical analysis of band-to-band Auger and radiative recombination lifetimes for InAs/GaInSb SLSs showed that in these objects the p-type Auger recombination rates are suppressed by several orders, compared to those of bulk HgCdTe with similar band-gap [54, 55] , but n-type materials are less advantageous. In p-type superlattice, Auger rates are suppressed due to lattice-mismatch-induced strain that splits the highest two valence bands (the highest light band lies significantly below the heavy hole band and thus limits available phase space for Auger transitions). In n-type superlattice, Auger rates are suppressed by increasing the InGaSb layer widths, thereby flattening the lowest conduction band and thus limiting available phase space for Auger transition. However, the promise of Auger suppression has not yet to be observed in practical device material.
Comparison of theoretically calculated and experimentally observed lifetimes at 77 K for 10 µm InAs/GaInSb SLS and 10 µm HgCdTe is presented in Fig. 7 [56, 57] . The agreement between theory and experiment for carrier densities above 2´10 17 cm -3 is good. The discrepancy between both types of results for lower carrier densities is due to Shockley-Read recombination processes having a t » 6´10 -9 s which has been not taken into account in the calculations. For higher carrier densities, the SL carrier lifetime is two orders of magnitude longer than in HgCdTe, however in low doping region (below 10 15 cm -3 , necessary in fabrication high performance photodiodes) experimentally measured carrier lifetime in HgCdTe is more that two orders of magnitude longer than in SL. More recently published upper experimental data [25] coincide well with HgCdTe trend-line in the range of lower carrier concentration (see Fig. 7 ). In general however, the SL carrier lifetime is limited by influence of trap centres located at an energy level of~1/3 band gap below the effective conduction band edge.
Narrow band gap materials require the doping to be controlled to at least 1´10 15 cm -3 or below to avoid deleterious high-field tunnelling currents across reduced depletion widths at temperature below 77 K. Lifetimes must be increased to enhance carrier diffusion and reduce related dark currents. At present stage of development, the residual doping concentration (both n-type as well as p-type) is typically about 5´10 15 cm -3 in superlattices grown at substrate temperature ranging from 360°C to 440°C [48] . Low to mid 10 15 cm -3 residual carrier concentrations are the best that have been achieved so far.
Superlattice photodiodes
High performance InAs/GaInSb SL photovoltaic detectors are predicted by the theoretical promise of longer intrinsic lifetimes due to the suppression of Auger recombination mechanism.
Considering the n-on-p and the p-on-n structures, the non-p geometry (n-type cap contact layer on a p-type absorber) has been theoretically shown to be desirable based on favourable Auger lifetimes and superior minority carrier transport properties associated with lightly doped p-type SLS.
Superlattice photodiodes are typically based on p-i-n structures with an unintentionally doped, intrinsic region between the heavily doped contact portions of the device. A cross section scheme of a completely processed mesa detector is presented in Fig. 8 . The layers are usually grown by MBE at substrate temperatures around 400°C on undoped (001) oriented two-inch GaSb substrates. With the addition of cracker cells for the group V sources, the superlattice quality becomes significantly improved. Despite the relatively low absorption coefficients, GaSb substrates require thinning the thickness below 25 µm in order to transmit appreciable IR radiation [58] . Since the GaSb substrates and buffer layers are intrinsically p-type, the p-type contact layer, intentionally doped with beryllium at an acceptor concentration of 1´10 18 atoms/cm 3 , is grown first (see Fig. 8 ).
Sensors for the MWIR and LWIR spectral ranges are based on binary InAs/GaSb short-period superlattices [59, 60] . The layers needed are already so thin that there is no benefit to using GaInSb alloys. For the formation of p-i-n photodiodes the lower periods of the SL are p-doped with 1´10 17 cm -3 Be in the GaSb layers. These acceptor doped SL layers are followed by a 1 to 2 µm thick, nominally undoped, superlattice region. The width of the intrinsic region does vary in the designs. The width used should be correlated to the carrier diffusion lengths for improved performance. The upper of the SL stack is doped with silicon (1´10 17 to 1´10 18 cm -3 ) in the InAs layers and is typically 0.5 µm thick. The top of the SL stack is then capped with an InAs:Si (n » 10 18 cm -3 ) layer to provide good ohmic contact.
To approach cut-off wavelengths in the 8-to-12 µm wavelength range also the InAs/GaInSb short period superlattice p-i-n photodiodes, with the indium molar fraction in the ternary GaInSb layers close to 20%, are fabricated.
The main technological challenge for the fabrication of small area size photodiodes is the occurrence of surface leakage currents mainly due to tunnelling electrons. The mesa side walls are a source of excess currents. Besides efficient suppression of surface leakage currents, a passivation layer suitable for production purposes must withstand various treatments occurring during the subsequent processing of the device. Several materials and processes have been explored. Some of the more prominent thin films studied have been silicon nitride, silicon oxides, ammonium sulfide and most recently, aluminum gallium antimonide alloys [59] . Rehm et al. [61] have chosen and demonstrated the good results achieved with lattice matched AlGaAsSb overgrowth by MBE on etched mesas. It is expected that the exposed side walls are larger band gap material, which tends to generate less excess currents.
It appears that the reproducivity and long-term stability achieved by the SiO 2 passivation layer is more critical for photodiodes in the LWIR range. In general, the inversion potentials are bigger for higher band gap materials, and therefore SiO 2 can passivate high band gap materials (MWIR photodiodes) but not low band gap material (LWIR photodiodes). Using this property, a double heterostructure that prevents the inversion of the high band gap p-type and n-type superlattice contact regions has been proposed [62] . For such structure, the surface leakage channel at the interface between the active region and the p-or n-contacts is considerably decreased (see Fig. 9 ). For this structure, an effective passivation is low-temperature, ion-sputtered SiO 2 passivation [62] . Passivation with polyimide has also proved very effective [63] .
Several additional design modifications that dramatically improve the LWIR photodiode dark current and R o A product have been described. Since the excess current is due to side walls, one of approach is to eliminate them. The very shallow slope of the shallow etched samples demonstrates that it is possible to reduce excess currents [64] .
An alternate method of eliminating excess currents due to side walls is shallow-etch mesa isolation with bandgraded junction [65] . The primary effect of the grading is to suppress tunnelling and generation-recombination currents in the depletion region at low temperatures. Since both processes depend exponentially on bandgap, it is highly advantageous to substitute a wide gap into depletion region. In this approach, the mesa etch terminates at just past the junction and exposes only a very thin (300 nm), wider bandgap region of the diode. Subsequent passivation is therefore in wider gap material. As a result, it reduces electrical junction area, increases optical fill factor, and eliminates deep trenches within detector array.
The performance of LWIR photodiodes in the high temperature range is limited by diffusion process. At low temperature the currents are diffusion limited near zero bias voltage. At larger biases, trap assisted tunnelling currents dominate, what is shown in Fig. 10(a) . Figure 10( Fig. 11(a) , the AlSb barriers are replaced with shallower Al 0.40 Ga 0.49 In 0.11 Sb quaternary barrier layers (QBL) that have a much smaller conduction band-offset with respect to InAs, resulting in higher electron mobility, with a miniband width of about 35 meV, compared to 20 meV for AlSb barrier layers. The QBL also uses 60% less Al, which improves material quality, since the optimal QBL growth temperature is much closer than that of AlSb (~500°C) to that of the InAs and InGaSb layers around 430°C. In such structure two InAs "electronwells" are located on either side of an InGaSb "hole-well" and are bound on either side by AlGaInSb "barrier" layers. The barriers confine the electron wavefunctions symmetrically about the hole-well, increasing the electron-hole overlap while nearly localizing the wavefunctions. The resulting quasi-dimensional densities of states give the WSL its characteristically strong absorption near band-edge. However, care is taken to not fully localize the wavefunctions, since an electron mini-band is required to allow vertical transport of the photo-excited minority carriers.
The new design W-structured type II SL photodiodes employ a graded band-gap p-i-n design. The grading of the band gap in the depletion region suppresses tunnelling and generation-recombination currents in the depletion region which have resulted in an order of magnitude improvement in dark current performance, with R o A = 216 Wcm 2 at 78 K for devices with a 10.5 µm cutoff wavelength. The sidewall resistivity of » 70 kWcm for untreated mesas is considerably higher than previously reported for type-II LWIR photodiodes, apparently indicating self-passivation by the graded band gap [65] .
Another type II superlattice photodiode design with the M-structure barrier is shown in Fig. 11(b) . This structure significantly reduces the dark current, and on the other hand, does not show a strong effect on the optical properties of the devices [66] . The AlSb layer in one period of the M structure, having a wider energy gap, blocks the interaction between electrons in two adjacent InAs wells, thus, reducing the tunnelling probability and increasing the electron effective mass. The AlSb layer also acts as a barrier for holes in the valence band and converts the GaSb hole-quantum well into a double quantum well. As a result, the effective well width is reduced, and the hole's energy level becomes sensitive to the well dimension. Device with a cutoff wavelength of 10.5 µm exhibits a R o A product of 200 Wcm 2 when a 500-nm thick M structure was used. Figure 12 compares the R o A values of InAs/GaInSb SL and HgCdTe photodiodes in the long wavelength spectral range [67] . The solid line denotes the theoretical diffusion limited performance of p-type HgCdTe material. As it can be seen in the figure, the most recent photodiode results for SL devices rival that of practical HgCdTe devices, indicating substantial improvement has been achieved in SL detector development. The quantum efficiency of p-i-n photodiode structure shown in Fig. 8 critically depends on the thickness of i(p)-region. By fitting the quantum efficiencies of a series of photodiodes with i-region thicknesses varying from 1 to 4 µm, Aifer et al. [65] determined that the minority-carrier electron diffusion length in LWIR is 3.5 µm. This value is considerably lower in comparison with typical one for high quality HgCdTe photodiodes. More recently, an external quantum efficiency of 54% have been obtained for a 12-µm cutoff wavelength photodiodes by extending thickness of p-region to 6 µm. Figure 13(a) shows the dependence of quantum efficiency on thickness of p-region but Fig. 13(b) presents spectral current responsivity of eight of the structure with different thicknesses of p-region [68] .
Next figure (Fig. 14) compares the calculated detectivity of type-II and P-on-n HgCdTe photodiodes as a function of wavelength and temperature of operation with the experimental data of type II detectors operated at 78 K. The solid lines are theoretical thermal limited detectivities for HgCdTe photodiodes, calculated using a 1-D model that assumes diffusion current from narrower band gap n-side is dominant, and minority carrier recombination via Auger and radiative process. In calculations typical values for the n-side donor concentration (N d = 1´10 15 cm -3 ), the narrow bandgap active layer thickness (10 µm), and quantum efficiency (60%) have been used. The predicted thermally limited detectivities of the type II SLS are larger than those for HgCdTe [55, 69] . From Fig. 14 results that the measured thermally limited detectivities of type-II SLS photodiodes are as yet inferior to current HgCdTe photodiode performance. Their performance has not achieved theoretical values. This limitation appears to be due to main two factors: relatively high background concentrations (about 5´10 15 cm -3 , although values below 10 15 cm -3 have been reported [67, 70] ) and a short minority carrier lifetime (typically tens of nanoseconds in lightly doped p-type material). Up till now nonoptimized carrier lifetimes have been observed and at desirably low carrier concentrations is limited by Shockley--Read recombination mechanism. The minority carrier diffusion length is in the range of several micrometers. Improving these fundamental parameters is essential to realize the predicted performance of type-II photodiodes.
New material systems for third generation infrared photodetectors
Type-II based InAs/GaInSb based detectors have been rapid progress over the past few years. The presented results indicate that fundamental material issues of InAs/ GaInSb SLs fulfil practical realization of high performance FPAs.
First 256´256 SL MWIR [35, 71] Recently, the demonstration of a high performance type-II FPA with cutoff wavelength of 10 µm has been reported [72] . The surface leakage current of photodiodes is suppressed using a double heterostructure design. In the diode structure, a low bandgap primary absorption superlattice layer is sandwiched between n + (Si-doped) and p + (Be-doped)-high bandap superlattice layers, finished with Be-doped GaSb p + capping layer. The R o A product of diodes passivated with SiO 2 was 23 Wcm 2 . Using this photodiode design, a FPA demonstrated NEDT of 33 mK with an integration time of 0.23 ms comparable to HgCdTe.
Quantum dot infrared photodetectors
The beginning of the interest in quantum dot research can be traced back to a suggestion by Arakawa and Sakaki in 1982 [73] that the performance of semiconductor lasers could be improved by reducing the dimensionality of the active regions of these devices. Initial efforts at reducing the dimensionality of the active regions focused on using ultrafine lithography coupled with wet or dry chemical etching to form 3-D structures. It was soon realized, however, that this approach introduced defects (high density of surface states) that greatly limited the performance of such quantum dots. Initial efforts were mainly focused on the growth of InGaAs nanometer-sized islands on GaAs substrates. In 1993, the first epitaxial growth of defect-free quantum-dot nanostructures was achieved by using MBE [74] . Most of the practical quantum-dot structures today are synthesized both by MBE and MOCVD.
Under certain growth conditions, when the thickness of the film with the larger lattice constant exceeds a certain critical thickness, the compressive strain within the film is relieved by the formation of coherent island. These islands may be quantum dots. Coherent quantum-dot islands are generally formed only when the growth proceeds in what is known as Stranski-Krastanow growth model [75] . The onset of the transformation of the growth process from a 2-D layer-by-layer growth mode to a 3-D island growth mode results in a spotty RHEED pattern. This is, in contrast to the conventional streaky pattern, generally observed for the layer-by-layer growth mode. The transition typically occurs after the deposition of a certain number of monolayers. For InAs on GaAs, this transition occurs after about 1.7 monolayers of InAs have been grown; this is the onset of islanding and, hence, quantum-dot formation.
First observations of intersublevel transitions in the far infrared were reported in the early 1990s, either in InSb-based electrostatically defined quantum dots [76] or in structured two-dimensional (2-D) electron gas [77] . The first QDIP was demonstrated in 1998 [78] . Ever since great progress has been made in their development and performance characteristics [79, 80] and in their applications to thermal imaging focal plane arrays [47, 81] .
Anticipated advantages of QDIPs
The success of quantum well structures for infrared detection applications has stimulated the development of QDIPs. In general, QDIPs are similar to QWIPs but with the quantum wells replaced by quantum dots, which have size confinement in all spatial directions. Two types of QDIP structures have been proposed: conventional structure (vertical) and lateral structure. In a vertical QDIP, the photocurrent is collected through the vertical transport of carriers between top and bottom contacts (see Fig. 15 ). The device heterostructure comprises repeated InAs QD layers buried between GaAs barriers with top and bottom contact layers at active region boundaries. The mesa height can vary from 1 to 4 µm depending on the device heterostructure. The quantum dots are directly doped (usually with silicon) in order to provide free carriers during photoexcitation, and an AlGaAs barrier can be included in the vertical device heterostructure in order to block dark current created by thermionic emission [82, 83] .
The lateral QDIP collects photocurrent through transport of carriers across a high-mobility channel between two top contacts, operating much like a field-effect transistor. As previously, again AlGaAs barriers are present, but instead of blocking the dark current, these barriers are used to both modulation-dope the quantum dots and to provide the high-mobility channel. Lateral QDIPs have demonstrated lower dark currents and higher operating temperatures than vertical QDIPs since the major components of the dark current arise from interdot tunnelling and hopping conduction [84] . However, these devices will be difficult to incorporate into a FPA hybrid-bump bonded to a silicon readout circuit. Because of this, more efforts is directed to improve the performance of vertical QDIPs, which are more compatible with commercially available read-out circuits.
The quantum-mechanical nature of QDIPs leads to several advantages over QWIPs and other types of IR detectors that are available. As in the HgCdTe, QWIP and type II superllatice technologies, QDIPs provide multi-wavelength detection. However, QDs provide many additional parameters for tuning the energy spacing between energy levels, such as QD size and shape, strain, and material composition.
The potential advantages in using QDIPs over quantum wells are as follows: l intersubband absorption may be allowed at normal incidence (for n-type material). In QWIPs, only transitions polarized perpendicularly to the growth direction are allowed, due to absorption selection rules. The selection rules in QDIPs are inherently different, and normal incidence absorption is observed. l thermal generation of electrons is significantly reduced due to the energy quantization in all three dimensions. As a result, the electron relaxation time from excited states increases due to phonon bottleneck. Generation by LO phonons is prohibited unless the gap between the discrete energy levels equals exactly to that of the phonon. This prohibition does not apply to quantum wells, since the levels are quantized only in the growth direction and a continuum exists in the other two directions (hence generation-recombination by LO phonons with capture time of few picoseconds). Thus, it is expected that S/N ratio in QDIPs will be significantly larger than that of QWIPs. l lower dark current of QDIPs is expected than of HgCdTe detectors and QWIPs due to 3-D quantum confinement of the electron wavefunction. In addition to the standard InAs/GaAs QDIP, several other heterostructure designs have been investigated for use as IR photodetectors [85, 86] . An example is InAs QDs embedded in a strain-relieving InGaAs quantum well which are known as dot-in-a-well (DWELL) heterostructures [87, 88] (see Fig. 16 ). This device offers two advantages: challenges in wavelength tuning through dot-size control can be compensated in part by engineering the quantum well sizes, which can be controlled precisely and quantum wells can trap electrons and aid in carrier capture by QDs, thereby facilitating ground state refilling. Figure 16 (c) shows DWELL spectral tuning by varying well geo-metry.
As was indicated by Kinch [89] , the normalized thermal generation G n th th
predicts the ultimate performance of any infrared material and can be used to compare the relative performance of different materials as a function of temperature and energy gap (cutoff wavelength). In the above equation, n th is the density of thermal carriers at the temperature T, t is the carrier lifetime and a is the absorption coefficient of the material. In further considerations we use a simple set of fundamental detector parameters described in excellent Kinch's paper [89] to compare the performance of different material systems used in infrared detector technology.
In the case of QDIPs, a model developed by Phillips is adapted [90] , where an ideal QD structure is analysed theoretically with two electron energy levels (the excited state coincides with the conduction band minimum of the barrier material). If the excited state is below the barrier conduction band, photocurrent is difficult to extract. Also usually, QDs contain additional energy levels between the excited and ground state transitions. If these states are similar to the thermal excitations or permit phonon scattering between levels, carrier lifetime is dramatically reduced. In consequence a large increase in dark current and reduction in detectivity are observed. It should be also noticed that in the case of Stranski-Krastanow growth mode a some degradation of self-assembled QDs occur due to a coupling 2D "wetting layer".
The normalized thermal generation directly determines thermal detectivity Both the increased electron lifetime and the reduced dark current indicate that QDIPs should be able to provide high temperature operation. In practice, however, it has been a challenge to meet all of above expectations.
Carrier relaxation times in QDs are longer than the typical 1-10 ps measured for quantum wells. It is predicted that the carrier relaxation time in QDs is limited by electron-hole scattering [92] , rather than phonon scattering. For QDIPs, the lifetime is expected to be even larger, greater than 1 ns, since the QDIPs are majority carrier devices due to absence of holes.
The main disadvantage of the QDIP is the large inhomogeneous linewidth of the quantum-dot ensemble variation of dot size in the Stranski-Krastanow growth mode [89, 93] . As a result, the absorption coefficient is reduced, since it is inversely proportional to the ensemble linewidth. Large, inhomogeneously broadened linewidth has a deleterious effect on QDIP performance. Subsequently, the quantum efficiency QD devices tend to be lower than what is predicted theoretically. Vertical coupling of quantum-dot layers reduces the inhomogeneous linewidth of the quantum-dot ensemble; however, it may also increase the dark current of the device, since carriers can tunnel through adjacent dot layers more easily. As in other type of detectors, also nonuniform dopant incorporation adversely affects the performance of the QDIP. Therefore, improving QD uniformity is a key issue in the increasing absorption coefficient and improving the performance. Thus, the growth and design of unique QD heterostructure is one of the most important issues related to achievement of state-of-the art QDIP performance. Figure 18 compares the highest measurable detectivities at 77 K of QDIPs found in literature [43, 88, 91, [94] [95] [96] [97] [98] [99] with the predicted detectivities of P-on-n HgCdTe photodiodes. The solid lines are theoretical thermal limited detectivities for HgCdTe photodiodes, calculated using a 1-D model that assumes diffusion current from narrower band gap n-side is dominant. It should be insisted, that for HgCdTe photodiodes, theoretically predicted curves for temperature range between 50 and 100 K coincide very well with experimental data. The measured value of QDIPs' detectivities at 77 K gathered in Fig. 18 indicate that QD device detectivities are as yet considerably inferior to current HgCdTe detector performance. In LWIR region, the upper experimental QDIP data at 77 K coincide with HgCdTe ones at temperature 100 K. Poor QDIP performance is generally linked to two sources: nonoptimal band structure and nonuniformity in QD size.
Experimental verification
One of the main potential advantages of QDIPs is low dark current. In particular, the lower dark currents enable higher operating temperatures. Up till now, however, most of the QDIP devices reported in the literature have been working in the temperature range of 77 to 200 K. On account of this fact, it is interesting to insight on achievable QDIP performance in temperature range above 200 K in comparison with other type of detectors. Figure 19 compares the calculated detectivity of Auger generation-recombination limited HgCdTe photodetectors as a function of wavelength and operating temperature with the experimental of uncooled type-II InAs/GaInSb SLS detectors and QDIPs [91, 98, 100] . The Auger mechanism is likely to impose fundamental limitations to the LWIR HgCdTe detector performance. The calculations for HgCdTe photodiodes have been performed for optimal p-type doping levels equal to p = g 1/2 n i (the p-type doping is clearly advantageous for near room temperature HgCdTe detectors [101] ). The experimental data for QDIPs are gathered from the literature for detectors operated at 200 and 300 K. Uncooled LWIR HgCdTe photodetectors are commercially available and manufactured in significant quantities, mostly as single-element devices [102, 103] . They have found important applications in IR systems that require fast response. The results presented in Fig. 19 confirm that the type-II superlattice is a good candidate for IR detectors operating in the spectral range from the mid-wavelength to the very long-wavelength IR. However, comparison of QDIP performance both with HgCdTe and type II superlattice detectors gives evidence that the QDIP is also suitable for high temperature operation. Especially encouraging results have been achieved for very long-wavelength QDIP devices with a double-barrier resonant tunnelling filter with each quantum-dot layer in the absorption region [104, 105] . In this type of devices, photoelectrons are selectively collected from the QDs by resonant tunnelling, while the same tunnel barriers block electrons of dark current due to their broad energy distribution. For the 17-µm detector, a peak detectivity of 8.5´10 6 cmHz 1/2 /W has been measured. Up till now, this novel device demonstrates the highest performance of room-temperature photodetectors.
The infrared arrays (see Fig. 2 ) have individual-amplifier-per-detector readouts based on metal oxide semiconductor field effect transistors (MOSFETs). To receive high injection efficiency, the input impedance of the MOSFET must be much lower than the internal dynamic resistance of the detector at its operating point, and the following condition should be fulfilled [106] 
where n is an ideality factor that can vary with temperature and geometry of the transistor and usually is in the range 1-2. For most applications, the detector performance depends on operating the detector in a small bias where the dynamic resistance is at a maximum. It is then necessary to minimize extraneous leakage current. The control of these leakage currents and the associated low-frequency noise is therefore of crucial interest. The above requirement is especially critical for near-room temperature HgCdTe photodetectors operating in LWIR region. Their resistance is very low due to a high thermal generation. In materials with a high electron to hole ratio as HgCdTe, the resistance is additionally reduced by ambipolar effects. Small size uncooled 10.6-µm photodiodes (50´50 µm 2 ) exhibit less than 1 W zero bias junction resistances which are well below the series resistance of a diode. The saturation current for 10-µm HgCdTe photodiode achieves 1000 A/cm 2 and it is by four orders of magnitude larger than the photocurrent due to the 300 K background radiation [101] . As a result, the performance of conventional devices is very poor, so they are not usable for practical applications. To fulfil inequality of Eq. (5) to effectively couple the detector with silicon readout, the detector incremental resistance should be R d >> 2 W. Figure 20 shows the R o A product of HgCdTe photodiodes and QDIPs as a function of cut-off wavelength at 200, 250, and 300 K. As this figure shows, the potential advantages of QDIPs is considerably higher R o A product (lower dark current) in comparison with HgCdTe photodiodes.
It is expected that further improvement in technology and design can result in application of QDIPs in room temperature focal plane arrays with the advantages of larger operating speed (shorter frame time) in comparison with thermal detectors (bolometers and pyroelectric devices).
In the past three years, several groups have independently demonstrated cryogenically cooled quantum dot FPAs with midformat size: 256´256 [107, 108] , 320´256 [44] , and 640´512 [47, 88] . Recently, the dot-in-well structures with peak responsivity out to 8.1 µm and detectivity 10 10 cmHz 1/2 /W at 77 K fabricated into 640´512 pixel FPA produced infrared imagery with NEDT of 40 mK at 60-K operating temperature [88] .
Multicolour detectors
The standard method to detect multiwavelength simultaneously is to use optical components such as lenses, prisms and gratings to separate out the wavelength before it impinges on the IR detectors. Another simpler method is the stacked arrangement in which the shorter wavelength detector is placed optically ahead of the longer wavelength detectors. In such a way two-colour detectors using HgCdTe [109] and InSb/HgCdTe present however, considerable efforts are directed to fabricating a single FPA with multicolour capability so as to eliminate the spatial alignment and temporal registration problems that exist whenever separate arrays are used, to simplify optical design, and to reduce size, weight, and power consumption. The unit cell of an integrated multi-colour FPAs consists of several co-located detectors, each sensitive to a different spectral band (see Fig. 21 ). Radiation is incident on the shorter band detector, with the longer wave radiation passing through to the next detectors. Each layer absorbs radiation up to its cutoff (bandgap), is transparent to the wavelengths above its bandgap, which then collected in subsequent layers. In the case of HgCdTe, this device architecture is realized by placing a longer wavelength HgCdTe photodiodes simply behind shorter wavelength photodiode.
Back-to-back photodiode two-colour detectors were first implemented using quaternary III-V alloy (Ga x In 1-x As y P 1-y ) absorbing layers in a lattice matched InP structure sensitive to two different SWIR bands [111] . A variation on the original back to back concept was implemented using HgCdTe at Rockwell [112] and Santa Barbara Research Center [113] . Following the successful demonstration of multispectral detectors in LPE-grown HgCdTe devices [113] , the MBE and MOCVD techniques have been used for the grown of a variety of multispectral detectors at Raytheon [27, [114] [115] [116] [117] , BAE Systems [118] , Leti [28, 30, [119] [120] [121] , Selex and QinetiQ [29, 122, 123] , DRS, [26, 124, 125] Teledyne and NVESD [126, 127] . For more than a decade a steady progression have been made in a wide variety of pixel size (to as small as 20 µm.), array formats (up to 1280´720) and spectral-band sensitivity (MWIR/MWIR, MWIR/LWIR and LWIR/LWIR). Recently, type II InAs/ GaInSb superlattices have emerged as third candidate for third generation infrared detectors [20, 21, 35, [39] [40] [41] .
Both sequential mode and simultaneous mode detectors are fabricated from the multi-layer materials. The simplest two-colour detector, and the first to be demonstrated, is the bias-selectable n-p-n triple-layer HgCdTe heterojunction (TLHJ), back-to-back photodiode shown in Fig. 22(a) . A critical step in HgCdTe device formation is connected with the in situ p-type As-doped layer with good structural and electrical properties to prevent internal gain from generating spectral crosstalk. The band-gap engineering effort consists of increasing the CdTe mole fraction and the effective thickness of the p-type layer to suppress out-off-band carriers from being collected at the terminal. The n-type base absorbing regions are deliberately doped with indium at a level of about (1-3)´10 15 cm -3 . The sequential-mode detector has a single indium bump per unit cell that permits sequential bias-selectivity of the spectral bands associated with operating back-to-back photodiodes. When the polarity of the bias voltage applied to the bump contact is positive, the top (LW) photodiode is reverse biased and the bottom (SW) photodiode is forward biased. The SW photocurrent is shunted by the low impedance of the forward-biased SW photodiode, and the only photocurrent to emerge in the external circuit is the LW photocurrent. When the bias voltage polarity is reversed, the situation reverses; only SW photocurrent is available. The bias switching is performed at times much shorter than the frame period. Switching times can be relatively short, in the order of microsecond, so detection of slowly changing targets or images can be done by switching rapidly between the MW and LW modes.
One bump contact per unit cell, as for single-colour hybrid FPAs, is the big advantage of the bias-selectable detector. It is compatible with existing silicon readout chips. This structure achieves approximately 100% optical fill factor in each band.
The simultaneous dual-band detector architectures require an additional electrical contact to an underlying layer in the multijunction structure to both the SW and LW photodiode. An implementation of the simultaneous mode using a second indium bump in the unit cell is shown in Fig. 22(b) . The most important distinction is the requirement of a second readout circuit in each unit cell.
Type-II InAs/GaInSb dual-band detectors
The first high quality two-colour MWIR type-II SLS FPAs have been fabricated at the Fraunhofer Institute in Freiburg. The growth sequence starts with a 200 nm lattice matched AlGaAsSb buffer layer followed by 700 nm n-type doped GaSb. Next, the "blue channel" consisting of 330 periods of p-type of a 7.5 ML InAs/10 ML GaSb is deposited. After "blue channel" a common ground contact layer comprised of 500 nm of p-type GaSb follows. The detection of "red channel" is realized using 150 periods of a 9.5 ML InAs/10 ML GaSb superlattice. 20 nm InAs terminate the structure. The thickness of the entire vertical pixel structure is only 4.5 µm, which significantly reduces the technological challenge compared to bispectral HgCdTe FPAs with a typical total layer thickness around 15 µm. For n-type and p-type doping of the superlattice regions and the contact layers Si, GaTe and Be are used.
The first bispectral 288´384 MWIR InAs/GaSb camera has been demonstrated [35] . Figure 23 illustrates the device processing. In the first step via holes to the common p-type contact layer and to the n-type contact layer of the lower diode are etched by a chlorine-based chemically assisted ion beam etching. Next, another chemical etching is used to fabricate deep trenches for a complete electrical isolation of each pixel [see Fig. 23(a) ]. After deposition of the diode passivation, a reactive ion etching is employed to selectively open the passivation to get access to the contact layers [ Fig. 23(b) ]. Next, the contact metallization is evaporated [ Fig. 23(c)] . A fully processed dual-colour FPA is shown in Fig. 23(d) .
In the above way, a simultaneous detection in 40-µm pixel has been achieved. Solid lines in Fig. 24 show normalized photocurrent spectra of both channel at 77 K and zero bias. With f/2 optics, 2.8 ms integration time and 73 K detector temperature, the superlattice camera achieves 29.5 mK for blue channel (3.4 µm £ l £ 4.1 µm) and 16.5 mK for the red channel (4.1 µm £ l £ 5.1 µm). As an example, the excellent imagery delivered by the 288´384 InAs/ GaSb dual-colour camera is presented in Fig. 25 . The image consists of a man, a hot soldering iron and the burning flame of a cigarette lighter producing carbon dioxide. We can see, that the carbon dioxide surrounding the burning gas flame only emits in the red channel. As one of the first representative of the third generation systems, the dual-colour SLS technology will be commercialized in a missile approach warning system. Table 3 overviews the figure of merit of this system.
At present, a square design of 256´256 FPA with a reduced pitch of 30´30 µm 2 is in preparation [128] . The reduction of pixel can be reached by using only two indium bumps per pixel. These very promising results confirm that the antimonide SL technology is now competing with MBE HgCdTe dual colour technology.
Multiband QDIPs
QDIP devices capable of detecting several separate wavelengths can be fabricated by vertical stacking of the different QWIP layers during epitaxial growth. The schematic structure is shown in Fig. 26 . In the case of structure describing by Lu et al. [129] each of QDIP absorption band consists of 10-period of InAs/InGaAs QD layers sandwiched between the top and bottom electrodes. Next figure shows the simplified band diagram of this structure at different bias levels. As Fig. 27 presents, the bias voltage selection of detection bands originates from the asymmetric band structure. At low bias voltage, the high energy GaAs barrier blocks the photocurrent generated by LWIR radiation and only responses to the MWIR incidence. On the contrary, as the bias voltage increases, the barrier energy decreases, allowing LWIR signals to be detected at different bias voltage levels.
The first two-colour quantum dot FPA demonstration was based on a voltage-tuneable InAs/InGaAs/GaAs DWELL structure [44, 45] . As is described in Sect. 3.2.1, in this type of structure, InAs QDs are placed in an InGaAs well, which in turn is placed in a GaAs matrix (see Fig. 16 ). Figure 28 shows a multicolour response from the DWELL detectors. This device has demonstrated multicolour response ranging from the MWIR (3-5 µm) based on a bound-to-continuum transition to the LWIR (8-12 µm) based on a bound state in the dot to a bound state in the well. A very long wavelength response (VLWIR) has also been observed and has been attributed to transitions between two bound states in the QDs since the calculated energy spacing between the dot levels is about 50-60 meV. Moreover, by adjusting the voltage bias on the device, one can change the ratio of the electrons promoted by MWIR, LWIR, and VLWIR absorptions. Typically, the MWIR response dominates at low to nominal voltages due to higher escape probability. With the voltage increasing, the LWIR and eventually VLWIR responses enhance due to the increased tunnelling probability of lower lying states in the DWELL detector (see Fig. 29 ). Bias-dependent shift of the spectral response is observed due to quantum-confined Stark effect. This spectral diversity can be exploited to realize spectrally smart sensors whose wavelength and bandwidth can be tuned depending on the desired application [44, 130, 131] .
New material systems for third generation infrared photodetectors
Typically, the detector structure consists of a 15-stack asymmetric DWELL structure sandwiched between two highly doped n-GaAs contact layers. The DWELL region consists of a 2.2 ML of n-doped InAs QDs in an In 0.15 Ga 0. 85 As well, itself placed in GaAs. By varying the width of the bottom InGaAs well from 10 to 60 Å, the operating wavelength of the detector was changed from 7.2 to 11 µm. The responsivity and detectivity obtained from the test devices at 78 K are shown in Fig. 30 . The measured detectivities were of 2.6´10 10 cmHz 1/2 /W (V b = 2.6 V) for the LWIR band, and 7.1´10 10 cmHz 1/2 /W (V b = 1 V) for the MWIR band.
Recently, Varley et al. [46] have demonstrated a twocolour, MWIR/LWIR, 320´256 FPA based on DWELL detectors. Minimum NEDT values of 55 mK (MWIR) and 70 mK (LWIR) were measured (see Fig. 31 ).
Conclusions
The future applications of IR detector systems require: Multicolour long wavelength detector technology will be emerging standard for future space and ground based applications. For many systems, such as night-vision goggles, the IR image is viewed by the human eye, which can discern resolution improvements only up to about one megapixel, roughly the same resolution as high-definition television. Most high-volume applications can be completely satisfied with a format of 1280´1024. Although wide-area surveillance and astronomy applications could make use of larger formats, funding limits may prevent the exponential growth that was seen in past decades.
Multicolour infrared imagers are beginning a challenging road to deployment. For multiband sensors, boosting the sensitivity in order to maximize identification range is the primary objective.
It is predicted that HgCdTe technology will continue in the future to expand the envelope of its capabilities because of its excellent properties. Despite serious competition from alternative technologies and slower progress than expected, HgCdTe is unlikely to be seriously challenged for high-performance applications, applications requiring multispectral capability and fast response. However, the multicolour HgCdTe structures for long wavelengths are still in an infantile state. The nonuniformity is a serious problem in the case of LWIR and VLWIR HgCdTe detectors. For applications that require operation in the LWIR band as well as two-colour LWIR/VLWIR bands most probably HgCdTe will not be the optimal solution.
In a two colour sequential mode, one can make use of the existing single colour readout circuitry. However, for simultaneous mode of operations, new readout circuitry designs are needed with different integration charge capacities for separate spectral bands of interest. For long wavelength multicolour operation the integrating charge capacity is the major issue versus different flux levels as in the case of MWIR/LWIR two colour operation.
Type-II InAs/GaInSb superlattices and QDIPs have emerged as next two candidates for third generation infrared detectors. Type-II InAs/GaInSb superlattice structure has great potential for LWIR/VLWIR spectral ranges with performance comparable to HgCdTe with the same cutoff wavelength.
Based on the breakthrough of Sb-based type II SLS technology it is obvious that this material system is in a position to provide high thermal resolution for short integration times comparable to HgCdTe. The fact that Sb-based superlattices are processed close to standard III-V technology raises the potential to be more competitive due to lower costs in series production.
QDIP detector technology is on very early stage of development. The bias-dependent spectral diversity of this type of detectors can be exploited to realize multispectrally smart sensors whose wavelength and bandwidth can be tuned depending on the desired application. Optimization of the QDIP architecture is still an open area.
The thickness of the entire vertical pixel structure of type-II photodiodes and QDIPs is only about 5 µm, which significantly reduces the technological challenge compared to bispectral HgCdTe FPAs. Bulk two-colour detectors, with a typical total layer thickness above 10 µm, require deeper isolation trenches -at least 15-µm deep trenches and no more than 5-µm wide at the top for such small as 20-µm pitch devices. 
